Many organic ligands used by nature in important biological processes [1] [2] [3] [4] [5] are formed by the condensation of simple starting materials. [6] [7] [8] [9] Uroporphyrinogen III, the biosynthetic precursor of the "pigments of life", forms metal complexes only under specific reaction conditions. [10] [11] [12] Most uroporphyrinogens acquire this capacity by oxidation or by tautomerization of the ligand. [2, 12, 13] The first meso-octaalkylporphyrinogen was synthesized more than 120 years ago by Baeyer. [14] The correct structure was proven by Rothemund in 1955 . [15] [16] [17] Forty years later the X-ray structure analysis of this class of compounds showed alternating conformations of the pyrrole rings in the solid state. [18] The X-ray structures of these macrocycles acting as ion-pair receptors revealed a conelike conformation and resembled the structures observed for calixarenes. [18] [19] [20] For this reason the name calix [4] pyrroles was proposed as a trivial name for the meso-octaalkylporphyrinogens. [18] Hydrogen bonding, the dominating mode of interaction of neutral calixpyrroles, allows these compounds to be used as anion sensors. [21] [22] [23] Many interesting modifications of calixpyrroles have been reported: calixphyrins, [24, 25] hybrids between calixpyrroles and porphyrins, expanded calixpyrroles like the calix [6] pyrroles, [26] and calixpyridines, hybrids containing pyrroles and pyridines. [27] [28] [29] Many of these studies were carried out with the aim to improve the anion-binding properties. [19, 30, 31] To obtain Werner-type metal complexes from calix [4] pyrroles the ligand must be deprotonated using butyllithium. [10, [32] [33] [34] As they have numerous applications, macrocyclic nitrogen-containing ligands and their metal complexes have been thoroughly studied. [35] [36] [37] [38] [39] [40] [41] Reducing calixpyrroles might lead to new nitrogen-containing ligands with interesting properties. Here we report the synthesis and structures of partially and total reduced meso-octamethylporphyrinogens and the complexes formed with Cu II , Ni II , and Pd II salts. To the best of our knowledge the successful reduction of meso-octaalkylporphyrinogens has not been described previously. Reductions of pyrroles usually require relatively harsh conditions. [42] Most efficient reductions of alkyl pyrroles require an acid as the solvent or as a component of the solvent mixture. Acidic conditions are also used to synthesize meso-octaalkylporphyrinogens but at the same time these conditions trigger the opening of the macrocycle. It was not apparent whether experimental conditions could be found that would allow the reduction of all pyrrole rings before the macrocycle would be destroyed. [17] We started to screen reduction conditions with the hope of finding an experimental procedure for the reduction of mesooctamethylporphyrinogens (Scheme 1). First we avoided the use of acids as we feared competition between acid-catalyzed destruction and acid-catalyzed reduction. Our initial attempts, where we varied the temperature (from 50 8C to Scheme 1. Synthesis and catalytic hydrogenation of meso-octamethylcalix [4] Initially this approach was not successful, and only reduced degradation products could be isolated. However, when we used glacial acetic acid as the solvent, we could isolate a product that a molecular-ion peak at m/z 437 [M + H] + in its electrospray ionization mass spectrum (ESI-MS). This indicated that four of the eight double bonds of the mesooctamethylporphyrinogen 1 had been reduced. Under these unoptimized conditions (Pd/C, 85 atm H 2 at 55 8C) the partially reduced product was obtained as a mixture of two diastereoisomers, as indicated in the 13 C NMR spectrum of the raw material. On refining the hydrogenation conditions (higher temperatures and pressures) we obtained only the major diastereoisomer 2 (Scheme 1). The 13 C NMR spectrum of 2 shows only seven signals indicating that the pyrrolidine rings and pyrrole rings are alternating. The X-ray structure [43] of the partially reduced meso-octamethylporphyrinogen 2 ( Figure 1 ) confirmed this hypothesis.
The conformation of 2 is dramatically different from that of the starting compound 1. The two pyrrole rings in 2 are almost coplanar, and the two hydrogen atoms on the nitrogen atoms point towards the center of the macrocycle. The two pyrrolidine rings are almost orthogonal to the plane of the macrocycle. The hydrogen atoms at the ring junctions as well as those on N1 i and N1 of the pyrrolidine residues point towards the outside of the macrocycle. The protons of the pyrroles are hydrogen-bonded to the basic nitrogen atoms of the pyrrolidine rings. The hydrogen-bonding network determines the conformation of this compound in the crystal (see also ref. [29] ) and is responsible for the properties of this compound, which is a weak base.
In isolating the 1,3-bis-reduced compound 2, we were surprised not to find the 1,2-bis-reduced isomer. One explanation is that the 1,3-regioisomer is protected against the acid-catalyzed degradation, whereas the 1,2-bis-reduced compound can still undergo acid-catalyzed ring-opening.
Compound 2 is water soluble in its diprotonated form, whereas the monoprotonated ligand precipitates out of water. The hydrogen-bonding network (vide supra) influences the acid-base behavior and probably the solubility of this new compound. Finally, it seems reasonable that once one of the pyrrole rings had been reduced on the surface of the catalyst, the second reduction should occur on the same face of the molecule. So with hindsight the structure of compound 2 can be rationalized. Attempts to reduce 2 further were not successful even under optimized conditions.
In the ESI mass spectrum of the crude product we detected a compound exhibiting a peak at m/z 445, which corresponds to the monoprotonated form of the completely reduced calixpyrrole 3 (Scheme 1). Isolating this compound in pure form proved to be difficult. By careful chromatography using neutral aluminum oxide we finally obtained small quantities of the completely reduced compound 3 as a white solid. The 13 C NMR spectrum of 3 shows five signals, which consistent with a structure in which all the hydrogen atoms at the ring junctions point in the same direction. Despite considerable efforts we have not been able to improve significantly the yield of the completely reduced compound 3. Currently the conditions given in Scheme 1 are the best compromise we have found between the degradation of the macrocycle and the formation of the completely reduced product 3.
In order to test the ability of ligand 3 to chelate different metals, we prepared complexes of Cu II , Ni II , and Pd II following a similar procedure by mixing one equivalent of 3 with one equivalent of the metal salt in an appropriate solvent (Scheme 2). The complexation with Cu II occurs smoothly when copper(II) chloride is heated with the reduced compound 3 in ethanol for 2 h. The complex formation can be conveniently followed by UV absorption at 284 nm. The UV spectra of the reaction mixture showed an isosbestic point at 248 nm. The nickel complex was prepared by the same procedure. The Pd II complex was prepared from palladium(II) acetate in dichloromethane. In this case, according to mass and NMR analyses, the acetate ligands were partially exchanged by chloride during the reaction. Chlorinated solvents contain and continuously form small quantities of hydrogen chloride. Remaining acetate ligands were smoothly replaced by chloride when the complex was washed with a brine solution.
Suitable crystals of complexes 4-6 were obtained (Figure 2) . [43] Interestingly, the X-ray structures of these complexes are very similar. In all the complexes, the four nitrogen atoms of the macrocycle are arranged nearly in a plane, and four of the eight methyl groups bound to the meso carbons are arranged in a quasi-axial arrangement, whereas the four others point away from the macrocycle in a quasi-equatorial position. The nickel and copper complexes show a quasi-octahedral coordination sphere of the metal ion, and two chloride ions are within bonding distance of the metal ion (Figure 2 a, b) . In the copper complex 4, one chloride ion is linked directly to the metal center, whereas the other is held in place by the hydrogen network provided by the four NH groups of the pyrrolidine residues. In the nickel complex 5 both chloride ions are within bonding distance to the metal. The chloride labeled Cl2 is fixed through a hydrogen-bonding network similar to that in the copper complex. In the solidstate structure of the palladium complex 6 the Pd-Cl distances, ranging from 3.05 to 3.11 , are too long to be interpreted as formal bonds. As with the Ni II and Cu II complexes, hydrogen-bonding between one chloride ion and the NH groups of the pyrrolidine residues was observed. In this case, the central chloride ion is bound through four NH hydrogen bonds arranged by two symmetry-related macrocycle units (Figure 2 c) . Two different X-ray structures of the palladium complex have been obtained depending on the solvent used for the recrystallization. By slow evaporation of a solution of 6 in dichloromethane we obtained an orthorhombic polymorph (structure in Figure 2 c), while a monoclinic polymorph, with two independent molecules per asymmetric unit, was obtained when a solution of 6 in dichloromethane and chloroform was concentrated by slow evaporation. The monoclinic and orthorhombic structures are similar, except for the position of the chloride counterions and solvent molecules of crystallization (structures and data are shown in the Supporting Information). [43] In conclusion, we have developed a procedure for the partial or total reduction of meso-octaalkylporphyrinogens. The product of partial reduction is surprisingly stable, and only the regioisomer of the 1,3-reduction was isolated. The completely reduced compound is a strong base and smoothly forms metal complexes, as shown by the formation of the Cu II , Ni II , and Pd II complexes. The reduction of the meso-octaalkylporphyrinogen 1 has changed the properties of this skeleton. The meso-octaalkylporphyrinogens are known to be anion binders, but in their reduced form they behave like normal nitrogen-containing macrocycles. Moreover, the metal complexes of reduced calix [4] pyrrole may maintain their anion-binding ability through the hydrogen-bond network. As a result of the four five-membered rings the conformational mobility of this ligand is rather limited. In the metal chelate, the quasi-axial arrangement of the substituents at the meso positions may form a cavity. These structural and chemical properties should allow the synthesis of interesting new metal complexes.
